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Abstract
Despite their wide distribution and ecological importance, almost no
information is available about the role of freshwater crayfish as basibiont for
epizoic algae. Moreover, studies on epizoic freshwater diatoms have been
largely neglected. In this study, we examined the occurrence of diatoms on










pallipes and the non-indigenous signal crayfish Pacifastacus leniusculus,
coexisting in the same stream in NW Italy. We detected that signal crayfish
showed a far more productive epizoic algal community than white-clawed
crayfish. Microscopical analysis confirmed that non-indigenous crayfish
hosted rich and diversified diatom communities while virtually no diatom was
found on the native. After analyzing different hypotheses, we suggested that
this significant difference can be the result of diverse crayfish behavioral
habits. Because of the lack of studies investigating epibiontic diatoms on
freshwater crayfish, we performed a detailed characterization on the epizoic
flora, including comparisons with natural epilithic communities. The
exponential diffusion of non-indigenous freshwater crayfish is a subject of
greatest interest. Increasing our knowledge on their role as basibionts is
definitely necessary to better understand their ecological role, also considering
their influence on primary producer community and their role as vectors of
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Introduction
Epibiosis (i.e., from the Greek ‘living on’) is the non-parasitic association of
organisms, called epibionts, living attached to the body surface of other
organisms, called basiobionts (Wahl 2009). When the epibiont lives on the
surface of animals is also named epizoan. Several possible benefits come from
the adoption of the epizoic habit, such as (1) an increased accessibility to light,
minerals and nutrients, deriving from the host activity and metabolism; (2) an
improved protection against grazing; (3) a more elevated and dynamic position,
which reduces exposure to resuspended sediments, and (4) an evident advantage
for dispersion (Francoeur et al. 2002; Romagnoli et al. 2007; Totti et al. 2011).
On the other hand, the association between an epizoan and its host can have very
different and also contrasting effects on this latter: epibiotic biofilm creates a
sort of second skin on the basibionts that influences the interactions with the
environment through several processes, i.e. changes in host’s surface physical
and chemical properties, reduction in irradiation, modification of gases
diffusion, nutrient uptake, camouflage and protection to desiccation but also
functionality and movement impairment (Patil and Anil 2000; Wahl et al. 2012;
Majewska et al. 2015).
Epizoic species and communities are heterogeneously distributed among hosts,
with patterns that are currently still little known (Patoka et al. 2016). Occurrence
of an epizoic species on a specific basibiont seems to depend on many factors,
such as habitat (Reiss et al. 2003), environmental conditions (Wahl and Olaf
1999), season (Cabral et al. 2010), but also body surface characteristics (Wahl
2009), fitness and ontogenetic stage of the host (Dougherty and Russell 2005).
In this context, epizoic algae, and in particular diatoms, are probably more
common and diffuse than previously supposed. At present, most studies on
epizoic diatoms have been carried out in marine environments (Winemiller and
Winsborough 1990; Robinson et al. 2016). The first description of a marine
epibiont diatom dates back to 1892, when Giesbrecht observed stalked diatoms
on an Adriatic copepod. Since then, diatoms have been found in the epibiotic
communities attaching a multitude of different groups, such as Porifera
(McClintock et al. 2005), Hydrozoa (Romagnoli et al. 2007), Bryozoa (Dahms et
al. 2004), Gastropoda (D’Alelio et al. 2011), Bivalvia (Cerrano et al. 2006),
Crustacea such as caridean shrimps (Bauer 1975), spider crabs (Madkour et al.
2012) and many others. In marine environments, the presence of epizoic diatoms
was detected not only on sessile, benthic or generally scarcely mobile organisms,
but also on large nekton representatives, such as turtles (Majewska et al. 2015),
whales (Denys 1997) and even on the feathers of penguins (Randall and Randall
1984) and murres (Croll and Holmes 1982).
Interestingly, epizoic diatoms have been almost neglected in freshwater
environments, where studies on algal epibiosis rarely mention diatoms
(Burkholder 1996; Azam et al. 2016). Most species of snails (such as Physa spp.
and Helisoma spp.) generally lack visible growth of algae on their shells,
although they may host diatoms (Abbott and Bergey 2007). Freshwater diatoms
have also been found on freshwater turtles (Wetzel et al. 2012), rotifers (Wujek
2006), mayfly nymphs (Wujek 2013), and copepods (Winemiller and
Winsborough 1990).
Among crustaceans, for their dimensions, movement and hard exoskeletons,
decapods ideally represent optimal hosts for diatoms and other microalgae.
Oddly, marine decapods are a well-known surface for epibiont algae settlement
(McGaw 2006) while, despite their widespread distribution, there are only
anecdotal, scattered and indirect records of epizoic algae on freshwater decapods
(i.e., Tuchman 1996; Ďuriš et al. 2006; Fuelling et al. 2012).
In recent years, the presence of invasive species in freshwater ecosystems has
grown enormously throughout the world (Havel et al. 2015; Fenoglio et al.
2016). In this context, the introduction of non-indigenous crayfish in European
inland systems represents an interesting research subject (Gherardi et al. 2011).
In Northern Italy, in addition to the presence of the non-indigenous Procambarus
clarkii (Girard 1852) and Faxonius limosus (Rafinesque 1817) (family
Cambaridae), recent studies reported the sudden and numerically significant
expansion of the signal crayfish Pacifastacus leniusculus (Dana 1852) (family
Astacidae) in NW Italy (Bo et al. 2016). The spread of this cold water species,
well adapted to life in the low order, mountainous streams, is cause for particular
concern because this Astacidae is invading areas in which still resists the native
species, the white clawed crayfish Austropotamobius pallipes (Lereboullet
1858).
Aim of this study was to analyze the diatom epizoic community of two
sympatric freshwater crayfish, one native and one non-indigenous, both in terms
of chlorophyll-a content and taxonomic composition. We also characterised
epilithic diatom communities of the area and we explored possible correlations
between epizoic community composition and basibionts characteristics,
considering in addition the possible role of crayfish as vectors of noteworthy
diatom taxa.
Materials and methods
The study was conducted in a single reach of the Valla stream, NW Italy
(44°27′50.23″N–8°20′59.87E, 388 m a.s.l.). In the examined station, this stream
is a typical third-order Apennine lotic environment, 4.0–4.5 m wide, with a mean
depth of 30–40 cm, coarse substrate and riparian vegetation composed mainly of
Salix spp., Populus spp. and Robinia pseudoacacia. As far as we know, this is
the only site in Italy in which the two species (the native white-clawed crayfish
A. pallipes and the non-indigenous signal crayfish, P. leniusculus) are sympatric.
In general, such sites are in general extremely rare, as the massive presence of
the signal crayfish very often leads to the complete disappearance of A. pallipes.
To avoid any possible influence of time and season, all samples were realized in
the same day. We chose the late summer as sampling period, as suggested by
Nowicki et al. (2008) for A. pallipes at these latitudes. On 13 September 2016,
crayfish were collected in a 1.0 km reach of the Valla stream. The method of
capture, hand picking, allowed all crayfish to remain intact. Epizoic analysis
were performed on ten A. pallipes and ten P. leniusculus. All crayfish were sexed
and total length (from the tip of the rostrum to the posterior edge of the telson)
was measured using a 0.1 mm precision caliper. On the surface of collected
specimens, the amount of benthic chlorophyll-a of the three main autotrophic
groups composing the biofilm (i.e., diatoms, cyanobacteria and green algae) was
detected by means of a Pulse Amplitude Modulated (PAM) fluorimeter, the
BenthoTorch , developed by BBE Moldaenke GmbH (Schwentinental,
Germany). BenthoTorch  is a Pulse Amplitude Modulated (PAM) fluorimeter
emitting light pulses at three different wavelengths (470, 525 and 610 nm),
recording the response of cyanobacteria, diatoms and green algae at 690 nm
wavelength (Kahlert and McKie 2014). On each crayfish, we measured three
replicates of benthic chlorophyll-a on three dorsal points of the carapace.
Moreover, epizoic samples were collected by brushing the whole dorsal surface
of collected crayfish with a toothbrush. In order to characterize the flora
colonizing the stretch, epilithic diatoms were also collected from 10 cobbles
randomly selected in the main flow, following the standard procedure (European
Committee for Standardization 2003) and producing one composite sample.
Epizoic and epilithic diatom samples were preserved in ethanol immediately
after sampling (final concentration ethanol 60%). Diatom treatment and slide
preparation were performed following the standard procedure (European
Committee for Standardization 2003). Samples were digested with hydrogen
peroxide (30%) and HCl (1 N) in order to obtain a clean suspension of diatom
frustules. Permanent slides were mounted with Naphrax  and observed under
light microscope (Leitz Diaplan) with a 100× oil immersion objective. Diatom
identification was based on several diatom floras and monographies, as well as
on numerous taxonomic papers (Krammer and Lange-Bertalot 1986, 1988,
1991a, b; Lange-Bertalot and Metzeltin 1996; Krammer 1997a, b; Reichardt
1999; Lange-Bertalot 2001; Krammer 2002, 2003; Werum and Lange-Bertalot
2004; Blanco et al. 2010; Hofmann et al. 2011; Bey and Ector 2013; Falasco et
al. 2013; Ector et al. 2015). The detected taxa were then classified according to
moisture preferences (van Dam et al. 1994), ecological guilds (Passy 2007), life
forms (Rimet and Bouchez 2012) and conservation status (Lange-Bertalot and
Steindorf 1996). For each slide, at least 400 diatom valves were identified and
counted in order to produce an inventory. Finally, a last screening of the whole
slide was performed in order to detect rare species. We used a Kruskal–Wallis
test to detect differences in chlorophyll-a between crayfish exoskeletons and a






Chlorophyll-a measurements on crayfish
We collected and examined 10 individuals (5 females and 5 males) of P.
leniusculus and 10 individuals (7 females and 3 males) of A. pallipes. As
expected, non-indigenous crayfish resulted to be on average longer (10.9 ± 
1.07 cm; total body length) than native ones (7.2 ± 1.51 cm). By means of
BenthoTorch measurements, we detected a significant difference in the diatom
chlorophyll-a between the two crayfish species (Fig. 1—Kruskal–Wallis H = 
14.3, p < 0.001).
Fig. 1
Mean diatom chlorophyll-a on the two sympatric crayfish species (± SD)
Mean diatom chlorophyll-a on P. leniusculus was 0.08 μg cm  (± 0.06 SD). No
diatoms were detected on A. pallipes (with the exception of one, single replicate-
0.001 μg cm ).
Diatom communities on cobbles
First, we characterized the diatom flora growing on cobbles, in order to achieve
a baseline knowledge of the species present in our study site. The complete list
of recorded taxa is shown as Supplementary Material. Epilithic diatom
community was well diversified (Shannon index = 3.63) and, in total, 79 species
belonging to 26 genera were identified (Table 1). Following the classification
concerning moisture preferences (van Dam et al. 1994), 41% of the species were
classified as “MOIST 3” (e.g. mainly occurring in waterbodies, also rather
regularly on wet and moist places). Part of the community (ca. 5%) was
−2
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classified as “MOIST 2” (mainly occurring in waterbodies, sometimes on wet
places), while less than 2% was strictly aquatic and 52% of the community was
not classifiable (Fig. 2).
Table 1
Number of genera and species recorded on cobbles and Pacifastacus leniusculus on the
whole slide. Shannon diversity index and evenness calculated basing on the identification
of at least 400 valves
 
n species n genera Shannon index Eveness
Whole slide On 400 individuals
Cobbles 79 26 3.63 0.70
Crayfish
 Specimen #
  1 68 26 4.33 0.76
  2 76 26 3.54 0.68
  3 82 34 3.98 0.70
  4 91 35 4.57 0.78
  5 77 30 3.62 0.69
  6 75 28 4.18 0.73
  7 93 33 3.78 0.66
  8 56 23 3.79 0.69
  9 76 32 4.51 0.79
  10 71 28 4.65 0.81
Fig. 2
Epilithic and epizoic diatom community composition in terms of ecological guilds,
life forms and moisture preferences. MOIST 1 = never or very rarely occurring
outside water bodies; MOIST 2 = mainly occurring in water bodies, sometimes on
wet places; MOIST 3 = mainly occurring in water bodies, also rather regularly on
wet and moist places; MOIST 4 = mainly occurring on wet and moist or
temporarily dry places
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Following the classification proposed by Passy (2007) and Rimet and Bouchez
(2012), 81% of the epilithic community was represented by the low profile guild,
e.g. taxa which are sensible to nutrient enrichment but resistant to physical
disturbance. About 14% was composed by motile guild (e.g. fast moving taxa
mainly belonging to the genera Navicula, Nitzschia and Surirella); while the
remaining 5% of the community belonged to the high profile guild (e.g. species
adapted to slow flows and high nutrient content). Community 3D structure
seemed well developed due to the presence of adnate (4%), erected (12%) and
stalked (69%) taxa. Erected diatoms included species mainly belonging to the
genera, Diatoma, Encyonopsis and Fragilaria, while stalked were mainly
represented by the genera Achnanthidium, Cymbella and Gomphonema. In detail,
the most abundant species (> 2% of relative abundance) were (in order of
abundance) Achnanthidium atomoides, A. lineare, A. minutissimum, A.
pyrenaicum, Amphora pediculus, Denticula tenuis, Encyonopsis minuta, E.
subminuta, Navicula cryptotenella, Nitzschia lacuum. Species belonging to the
genus Achnanthidium, such as A. minutissimum and A. pyrenaicum, dominated in
the sample, representing almost 65% of the community. Concerning the
conservation status, about 56% of the community was classified as “not
endangered”, while 13% as “endangered” (A. lineare and A. gracillimum), 31%
was not classified (Lange-Bertalot and Steindorf 1996). Particularly interesting
was the record of Didymosphenia geminata, recently recognized as a global
invasive species, able to produce important blooms under optimal environmental
conditions.
Diatom communities on crayfish
The results detected by means of BenthoTorch on the native A. pallipes (no
diatom chlorophyll-a) were confirmed through slide analyses at light
microscope, in which the number of diatom valves resulted not significant to
perform species inventories. Regarding the diatom communities on the non-
indigenous P. leniusculus, the number of identified species was high (mean:
76.5 ± 10.74 SD/specimen), so as the number of genera (mean: 29.5 ± 
3.95 SD/specimen; Table 1). Shannon biodiversity index ranged from 3.54 to
4.65 (Table 1).
To determine statistically whether diatom composition differs among substrates,
we performed a PERMANOVA. Despite this analysis did not reveal significant
differences between control and crayfish samples (F  = 1.70, p = 0.094), this
result should be interpreted with caution. The low number of samples as well as
the unbalanced sampling design could potentially lead to low statistical power to
detect control versus crayfish differences in diatom communities. Concerning
moisture preferences, we detected a greater presence of taxa classified as
“MOIST 3” (50%) and “MOIST 4” (0.6%; e.g. mainly occurring in wet and
moist or temporarily dry places) in comparison with epilithic community
(Fig. 2). Concerning ecological guilds, it was possible to observe a decrease of
species belonging to the low profile class (from 81% on cobbles to 64%, in
mean, on crayfish). On the contrary, we observed an increase in the motile and
high profile guilds, representing on crayfish 22 and 14% respectively of the
communities. A. minutissimum and A. pyrenaicum were still the most abundant
species, whereas we detected a lower percentage of A. atomoides, A. lineare,
Denticula tenuis, Encyonopsis subminuta and Nitzschia lacuum on crayfish.
These taxa were mainly substituted by Amphora pediculus, Denticula kuetzingii,
Navicula cryptotenella, Nitzschia fonticola and N. tabellaria. Concerning life
forms, it was possible to notice an increase of the adnate taxa on crayfish in
comparison to cobbles. On the contrary, erected and stalked diatoms showed
lower abundances on crayfish than on cobbles.
Concerning the conservation status, in mean, communities on crayfish were
mainly composed of “not endangered” (ca. 67%) or “not classified” (24%) taxa.
About 9% of the communities were composed of species classified as threatened
with extinction at different levels. Among these, Achnanthidium gracillimum
(classified as “endangered”) and Nitzschia tabellaria (classified as “declining”)
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were the most abundant. Aneumastus stroesei, a European species nowadays
classified as declining due to the loss of its typical habitat (calcareous oligo-
mesotrophic lakes), was often found in crayfish samples, while only rarely on
cobbles. Moreover, this was the first record of Gomphosphenia holmquistii in
North-West Italy. This species was collected for the first time in Alaska (Foged
1968). After this record, the species was detected also in Germany (Hofmann et
al. 2011; Bak et al. 2012), in France (Bey and Ector 2013; Ector et al. 2015), in
South–East Poland (Noga et al. 2016) and more recently in North–East Italy
(Cantonati et al. 2016). Records of G. holmquistii are still very rare and its
autecology is currently under definition. However, G. holmquistii seems to
prefer low water temperatures, medium–low conductivity and alkaline-neutral
pH. This species did not present particular preferences in terms of geological
composition and was found both on carbonate springs (Cantonati et al. 2016)
and not-calcareous rivers (Noga et al. 2016). Apart from rivers and springs, this
species was also recorded on a wet wall of an artificially illuminated corridor
inside a dam (Noga et al. 2016). Therefore, it is possible to suppose that this is
not a strictly aquatic taxon. In this context, we found a higher percentage of
aerophilous taxa on crayfish than cobbles. Indeed, G. holmquistii and Geissleria
acceptata and Diadesmis contenta (all classified as “MOIST 4”) were exclusive
of samples collected from crayfish. Moreover, we observed higher abundances
of mucous forming species, mainly belonging to the genus Encyonema, on
crayfish than cobbles. This genus is known to cope with desiccation, being able
to live in mucilage colonies.
Finally, we found Didymosphenia geminata in all the epizoic samples.
Discussion
At present, a vast and increasing number of studies are addressed to different
aspects of invasive freshwater crayfish biology and ecology (Holdich et al. 2014;
Vaeßen and Hollert 2015; Souty-Grosset et al. 2016), but remarkably there are
almost no information about their possible role as basibionts.
It is known that crayfish exoskeleton can host several epibionts, but most studies
(1) are focused only on native species, (2) pay attention almost exclusively on
zooepibionts, such as ciliates, rotifers, annelid worms, flatworms, and other
crustaceans (see Edgerton et al. 2002). For example, one of the rare studies
dedicated to epibiosis in invasive crayfish reported the presence of zebra
mussels, Argulus egg masses and bryozoan colonies on the exoskeleton of
Orconectes limosus in Czech freshwaters (Ďuriš et al. 2006). Another study
reported the occurrence of a non-indigenous, American entocytherid ostracod on
Procambarus clarki in the Iberian Peninsula, suggesting the latter has become an
‘invaded invader’ (Aguilar-Alberola et al. 2012). Moreover, Cuéllar et al. (2002)
found Mastigophora, Ciliophora, Turbellaria, Rotifera, Annelida, Acarina and
Ostracoda colonising the exoskeleton of P. leniusculus in a Spanish crayfish
farm.
Strangely, no information about the role of invasive crayfish as basibionts for
algae is at present virtually available. For this reason, the most interesting
finding of this study is that freshwater crayfish not only can host epizoic algae,
but that different species of crayfish can host extremely different algal
communities. We detected that algal communities showed significantly higher
levels of chlorophyll-a on the non-indigenous P. leniusculus rather than on the
native A. pallipes. In particular, diatoms appear to colonize abundantly the first,
with a total of 183 species, while they are virtually absent in the second.
It is likely that this evident diversity can be related to some differences between
the two basibiont crayfish species. Here are some considerations and hypotheses
on which biological and ecological characteristics may be of greater importance
in this field. First of all, undoubtedly surface structure represents an important
character in selecting and shaping diatom community. For this reason, a first
hypothesis could be that differences in the epibiont communities can be related
to differences in the substratum (i.e. crayfish exoskeleton) structure. For
example, a study concerning marine gastropod shell colonization demonstrated
that diatoms preferentially colonize highly organized surfaces with low fractal
dimension values and regular landscapes: the more organized is a shell surface,
the richer and more diverse is the diatom community (D’Alelio et al. 2011). In
our study we did not analyse structural differences between exoskeletons of
these two astacids, but bibliographic data allow us to assume that this probably
is not the main reason for the differences we found. Indeed, Souty-Grosset et al.
(2006) reported that A. pallipes shows a greater roughness and therefore a
greater complexity of the exoskeleton than P. leniusculus, so if this was the main
reason then algal colonization should be the opposite of what we found.
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Another interesting point is related to molting. Crustaceans, being ecdysozoa,
grow through a series of molts, in which the external cuticle or exoskeleton is
completely replaced, with the temporary (because movable epibionts such as
temnocephalids and branchiobdellids are able to return on the crayfish
immediately) loss of all associated epibionts. In freshwater crayfish, temperature
is the main factor regulating the ecdysis, so in the same stream reach the number
of mute is roughly the same for all sympatric species (also if molt frequency can
vary with age). The fact that P. leniusculus is on average larger is not related to a
greater number of molts but to a greater growth between one mute and the other
(Souty-Grosset et al. 2006).
After these considerations, our main hypothesis it that differences in diatom
colonization can be the result of different behavioural activities of the two
sympatric crayfish species. In many months of field samplings (pers. obs.), P.
leniusculus was the only crayfish we saw in activity during the day while we
never observed any native specimen moving on the substrate in the sunlight
hours. In fact, it is well known that A. pallipes displays mostly
nocturnal/crepuscular activity and spends diurnal hours in refuges under rocks
and masses, hidden under aquatic roots or in bank-side cavities (Robinson et al.
2000; Barbaresi and Gherardi 2001; Ghia et al. 2009). Using radio-telemetry and
mark-recapture methods, Robinson et al. (2000) discovered for example that the
greatest part of movements of this species occurred in the dark hours, with
90.4% of activity taking place between 21:00 and 06:00. On the contrary, we
observed P. leniusculus in activity during daylight hours in all sampling
occasions, and this pattern is confirmed by other authors (Lewis 2002). In fact, a
comparison between activity of non-indigenous and native species reported that
diurnal movements of P. leniusculus constitute 33% of its total activity and was
much higher than those of some European species, such as Astacus astacus
(12%) and Pontastacus leptodactylus (16%) (Lozan 2000). Another study reports
that peaks of activity of this non-indigenous crayfish started since 16:00 in the
afternoon, while more than 50 crayfish can be active per 100 m  (Abrahamsson
1983).
In the light of above considerations, we can assume that epizoic algae are
favoured by the more diurnal behaviour of the signal crayfish, which allows
them more growth and development. By contrast, the nocturnal habits of the
native species, which spends the light hours sheltered under boulders or
otherwise, drastically inhibits or even prevents the growth of photosynthetic
epibionts. We did not find any branchiobdellids associated with these crayfish.
Some other interesting considerations can be made analysing the epibiont diatom
communities on P. leniusculus. Firstly, diatom communities of both cobbles and
crayfish reflected the good status of the stream reach, with a high presence of β-
mesosaprobious and oligosaprobious taxa. Important dissimilarities were also
found in terms of life forms, with erected and stalked diatoms more abundant on
cobbles than on crayfish. This can be due to the fact that algal colonisations are
characterised by clear successional patterns, in which communities at the
beginning are mainly dominated by adnate species while older and well-
structured communities should include all growth forms, all equally important in
quantitative terms (Round et al. 1990). In this context, cobbles represent a more
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stable substrate for diatom colonization, because crayfish molts and movements
can prevent the progressive community maturation. Our findings confirmed the
study of D’Alelio et al. (2011), who observed the dominance of adnate species
on gastropod shell surface, probably due to their stronger adhesion abilities.
Concerning moisture, our data evidenced a slight increase in species considered
aerophilous at different extent on crayfish, probably related to the displacement
activities of these crustaceans. Finally, some considerations about
Didymosphenia geminata, a stalked diatom originally described from cold
oligotrophic and xenosaprobic waters of the North Europe. Over recent years,
the numerous records of this species out of its original distributional area and
ecological range has increased the interest of the scientific community. Indeed,
under optimal environmental conditions (e.g. low nutrient content and
conductivity, stable hydrological conditions, increased exposure to UV
radiation) D. geminata produces important blooms, able to cover the whole
riverbed. The macroscopic mats (several centimetres thick) covering the cobbles
are mainly composed of the polysaccharidic stalks produced by the cells. The
negative effects of the blooms on the freshwater ecosystem are significant at
different level of the trophic chain and can have negative effects on human water
exploitation. At present, it has been generally accepted that the spread of D.
geminata is human-mediated (Kilroy and Unwin 2011), while no evidences on
the role of animals in the diffusion of this species have been reported. Our
results represent the first evidence that this species can use allochthonous
crayfish to spread, opening interesting further research and reflection on
invasive species management.
Conclusions
Except for a mention in an old paper (Chidester 1912), this is probably the first
study investigating algal epibiosis on freshwater crayfish. Importantly, this study
gave the opportunity to analyse for the first time epibiont diatom communities
colonizing sympatric populations of non-indigenous and native crayfish. The
progressive diffusion of non-indigenous freshwater crayfish is a subject of
greatest interest in the current hydrobiological scenario. Increasing our
knowledge on their role as basibionts is definitely necessary to better understand
their ecological role also considering their influence on primary producer
community and their role as hosts and vectors of extremely interesting algal
species, such as Didymosphenia geminata and Gomphosphenia holmquistii.
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Supplementary material 1 List of diatom taxa detected on cobbles and
Pacifastacus leniusculus. Red List column refers to the classification concerning
the conservation status proposed by Lange-Bertalot and Steindorf (1996): 1 = 
threatened with extinction. 2 = severely endangered. 3 = endangered. G = probably
endangered. R = rare. V = decreasing. * = at present not considered threatened. ? = 
not threatened. · = common. Z = not listed. D = data scarce. The columns “cobbles”
and “crayfish” displayed on which substrate the species was recorded (± included
in the inventory; R = rare, observed only during the final screening). The last 11
columns show the percentage of relative abundance of each taxa in the samples.
(XLSX 32 kb)
References
Abbott LL, Bergey EA (2007) Why are there few algae on snail shells? The
effects of grazing, nutrients and shell chemistry on the algae on shells of
Helisoma trivolvis. Freshw Biol 52:2112–2120
Abrahamsson S (1983) Trappability, locomotion, and the diel pattern of
activity of the crayfish Astacus astacus L. and Pacifastacus leniusculus dana.
Freshw Crayfish 5:239–253
Aguilar-Alberola JA, Mesquita-Joanes F, López S, Mestre A, Casanova JC,
Rueda J, Ribas A (2012) An invaded invader: high prevalence of entocytherid
ostracods on the red swamp crayfish Procambarus clarkii (Girard, 1852) in
the Eastern Iberian Peninsula. Hydrobiologia 688:67–73
Azam SMG, Naz S, Zafar MS (2016) A floristic inventory of the epizoic
algae and their associates from inland waters of Bangladesh. Webbia 71:141–
153
Bąk M, Witkowski A, Żelazna-Wieczorek J, Wojtal AZ, Szczepocka E, Szulc
A, Szulc B (2012) Klucz do oznaczania okrzemek w fitobentosie na potrzeby
oceny stanu ekologicznego wód powierzchniowych w Polsce. Biblioteka
Monitoringu Środowiska. Główny Inspektorat Ochrony Środowiska,
Warszawa
Barbaresi S, Gherardi F (2001) Daily activity of the white-clawed crayfish,
Austropotamobius pallipes (Lereboullet): a comparison between field and
laboratory studies. J Nat Hist 35:1861–1871
Bauer RT (1975) Grooming behavior and morphology of the caridean shrimp
Pandalus danae Stimpson (Decapoda: Natantia: Pandalidae). Zool J Linn Soc
56:45–71
Bey MY, Ector L (2013) Atlas des diatomées des cours d’eau de la region
Rhône-Alpes. Tome 1–6. Direction régionale de l’Environnement, de
l’Aménagegement et du Logement Rhône-Alpes
Blanco S, Cejudo-Figueiras C, Álvarez-Blanco I, Bécares E, Hoffmann L,
Ector L (2010) Atlas de las diatomeas de la cuenca del Duero. Universidad de
León, León
Bo T, Candiotto A, Delmastro GB, Fea G, Fenoglio S, Ghia D, Gruppuso L
(2016) First reporting of the signal crayfish (Decapoda, Astacidae) in the
Province of Savona, Italy. Nat Hist Sci 3:63–65
Burkholder JM (1996) Interactions of benthic algae with their substrata. In:
Stevenson RJ, Bothwell ML, Lowe RL (eds) Algal ecology: freshwater
benthic ecosystems. Academic Press, San Diego, pp 253–297
Cabral AF, Dias RJP, Utz LR, Alves RG, D’Agosto M (2010) Spatial and
temporal occurrence of Rhabdostyla cf. chironomi Kahl, 1933 (Ciliophora,
Peritrichia) as an epibiont on chironomid larvae in a lotic system in the
neotropics. Hydrobiologia 644:351–359
Cantonati M, Angeli N, Spitale D, Lange-Bertalot H (2016) A new Navicula
(Bacillariophyta) species from low–elevation carbonate springs affected by
anthropogenic disturbance. Fottea 16:255–269
Cerrano C, Calcinai B, Bertolino M, Valisano L, Bavestrello G (2006)
Epibionts of the scallop Adamussium colbecki (Smith, 1902) in the Ross Sea,
Antarctica. Chem Ecol 22:235–244
Chidester FE (1912) The biology of the crayfish. Am Nat 46:279–293
Croll DA, Holmes RW (1982) A note on the occurrence of diatoms on the
feathers of diving seabirds. Auk 99:765–766
Cuéllar MC, García-Cuenca I, Fontanillas JC (2002) Description de la
zooépibiose de l’ecrevisse signal (Pacifastacus leniusculus Dana) en
astaciculture. Bull Français de la Pêche et de la Pisciculture 367:959–972
D’Alelio D, Cante MT, Russo GF, Totti C, De Stefano M (2011) Epizoic
diatoms on gastropod shells. When substrate complexity selects for
microcommunity complexity. In: Seckbach J, Dubinsky Z (eds) All flesh is
grass. Origin, life in extreme habitats and astrobiology, vol 16. Springer,
Dordrecht, pp 345–364
Dahms HU, Dobretsov S, Qian PY (2004) The effect of bacterial and diatom
biofilms on the settlement of the bryozoan Bugula neritina. J Exp Mar Biol
Ecol 313:191–209
Denys L (1997) Morphology and taxonomy of epizoic diatoms (Epiphalaina
and Tursiocola) on a sperm whale (Physeter macrocephalus) stranded on the
coast of Belgium. Diatom Res 12:1–18
Dougherty JR, Russell MP (2005) The association between the coquina clam
Donax fossor say and its epibiotic hydroid Lovenella gracilis Clarke. J
Shellfish Res 24:35–46
Ďuriš Z, Horká I, Kristian J, Kozák P (2006) Some cases of macro-epibiosis
on the invasive crayfish Orconectes limosus in the Czech Republic. Bull
Français de la Pêche et de la Pisciculture 380–381:1325–1337
Ector L, Wetzel CE, Novais MH, Guillard D (2015) Atlas des diatomées des
rivières des Pays de la Loire et de la Bretagne. DREAL Pays de la Loire,
Nantes
Edgerton BF, Evans LH, Stephens FJ, Overstreet RM (2002) Synopsis of
freshwater crayfish diseases and commensal organisms. Aquaculture 206:57–
135
European Committee for Standardization (2003) Water quality guidance
standard for the routine sampling and pretreatment of benthic diatoms from
rivers. European Standard EN 13946. European Committee for
Standardization, Brussels
Falasco E, Piano E, Bona F (2013) Guida al riconoscimento e all’ecologia
delle principali diatomee fluviali dell’Italia nord occidentale. Biologia
Ambientale 27:292
Fenoglio S, Bonada N, Guareschi S, López-Rodríguez MJ, Millán A, Tierno
de Figueroa JM (2016) Freshwater ecosystems and aquatic insects: a paradox
in biological invasions. Biol Lett 12:20151075
Foged N (1968) Some new or rare diatoms from Alaska. Nova Hedwigia
16:1–20
Francoeur SN, Pinowska A, Clason TA, Makosky S, Lowe RL (2002)
Unionid bivalve influence on benthic algal community composition in a
Michigan lake. J Freshw Ecol 17:489–500
Fuelling LJ, Adams JA, Badik KJ, Bixby RJ, Caprette CL, Caprette HE, Hall
MM (2012) An unusual occurrence of Thorea hispida (Thore) Desvaux
chantransia on rusty crayfish in West Central Ohio. Nova Hedwig 94:355–
366
Gherardi F, Aquiloni L, Diéguez-Uribeondo J, Tricarico E (2011) Managing
invasive crayfish: is there a hope? Aquat Sci 73:185–200
Ghia D, Fea G, Spairani M, Bernini F, Nardi PA (2009) Movement behaviour
and shelter choice of the native crayfish Austropotamobius pallipes complex:
survey on a population in a semi-natural pond in Northern Italy. Mar Freshw
Behav Physiol 42:167–185
Havel JE, Kovalenko KE, Thomaz SM, Amalfitano S, Kats LB (2015)
Aquatic invasive species: challenges for the future. Hydrobiologia 750:147–
170
Hofmann G, Werum M, Lange-Bertalot H (2011) Diatomeen im Süßwasser-
Benthos von Mitteleuropa. Koeltz Scientific Books, Königstein
Holdich DM, James J, Jackson C, Peay S (2014) The North American signal
crayfish, with particular reference to its success as an invasive species in
Great Britain. Ethol Ecol Evol 26:232–262
Kahlert M, McKie B (2014) Comparing new and conventional methods to
estimate benthic algal biomass and composition in freshwaters. Environ Sci
Process Impacts 16:2627–2634
Kilroy C, Unwin M (2011) The arrival and spread of the bloom-forming,
freshwater diatom, Didymosphenia geminata, in New Zealand. Aquat
Invasions 6:249–262
Krammer K (1997a) Die cymbelloiden Diatomeen. Teil 1. Allgemeines und
Encyonema Part. Bibliotheca Diatomologica 36:382
Krammer K (1997b) Die cymbelloiden Diatomeen. Teil 2 Encyonema part.
Encyonopsis and Cymbellopsis. Bibliotheca Diatomologica 37:469
Krammer K (2002) Cymbella. In: Lange-Bertalot H (ed) Diatoms of Europe,
vol 3. A.R.G Gantner Verlag KG, Ruggell, p 584
Krammer K (2003) Cymbopleura, Delicata, Navicymbula,
Gomphocymbellopsis, Afrocymbella. In: Lange-Bertalot H (ed) Diatoms of
Europe, vol 4. A.R.G Gantner Verlag KG, Ruggell, p 530
Krammer K, Lange-Bertalot H (1986–1991) Bacillariophyceae 1. Teil:
Naviculaceae, p 876; 2. Teil: Bacillariaceae, Epithemiaceae, Surirellaceae, p
596; 3. Teil: Centrales, Fragilariaceae, Eunotiaceae, p 576; 4. Teil:
Achnanthaceae. Kritische Erganzungen zu Navicula (Lineolatae) und
Gomphonema, p 437; G. Fischer Verlag, Stuttgart
Lange-Bertalot H (2001) Navicula sensu stricto, 10 Genera separated from
Navicula sensu lato, Frustulia. In: Lange-Bertalot H (ed) Diatoms of Europe,
2nd edn. A.R.G. Gantner Verlag K.G., Ruggell, p 526
Lange-Bertalot H, Metzeltin D (1996) Indicators of Oligotrophy. In: Lange-
Bertalot H (ed) Iconographia Diatomologica, vol 2. Koeltz, Koenigstein, p
390
Lange-Bertalot H, Steindorf A (1996) Rote Liste der limnischen Kieselalgen
(Bacillariophyceae) Deutschlands. Schriftenreihe für Vegetationskunde
28:633–677
Lewis SD (2002) Pacifastacus. In: Holdich DM (ed) Biology of freshwater
crayfish. Blackwell Science, Oxford, pp 511–540
Lozan JL (2000) On the threat to the European crayfish: a contribution with
the study of the activity behaviour of four crayfish species (Decapoda:
Astacidae). Limnologica 30:156–161
Madkour FF, Sallam W, Wicksten MK (2012) Epibiota of the spider crab
Schizophrys dahlak (Brachyura: Majidae) from the Suez Canal with special
reference to epizoic diatoms. Mar Biodivers Rec.
https://doi.org/10.1017/S1755267212000437
Majewska R, Santoro M, Bolaños F, Chaves G, De Stefano M (2015) Diatoms
and other epibionts associated with olive ridley (Lepidochelys olivacea) sea
turtles from the Pacific Coast of Costa Rica. PLoS ONE 10:e0130351.
https://doi.org/10.1371/journal.pone.0130351
McClintock JB, Amsler CD, Baker BJ, Van Soest RW (2005) Ecology of
antarctic marine sponges: an overview1. Integr Comp Biol 45:359–368
McGaw IJ (2006) Epibionts of sympatric species of Cancer crabs in Barkley
sound, British Columbia. J Crustac Biol 26:85–93
Noga T, Stanek-Tarkowska J, Kochman-Kędziora N, Pajączek A, Pesze L
(2016) The inside of a dam as an unusual habitat for two rare species of
Gomphosphenia—G. fontinalis and G. holmquistii. Diatom Res 31:379–387
Nowicki P, Tirelli T, Sartor RM, Bona F, Pessani D (2008) Monitoring
crayfish using a mark-recapture method: potentials, recommendations, and
limitations. Biodivers Conserv 17:3513–3530
Passy SI (2007) Diatom ecological guilds display distinct and predictable
behavior along nutrient and disturbance gradients in running waters. Aquat
Bot 86:171–178
Patil JS, Anil AC (2000) Epibiotic community of the horseshoe crab
Tachypleus gigas. Mar Biol 136:699–713
Patoka J, Bláha M, Devetter M, Rylková K, Čadková Z, Kalous L (2016)
Aquarium hitchhikers: attached commensals imported with freshwater
shrimps via the pet trade. Biol Invasions 18:457–461
Randall BM, Randall RM (1984) Algae on Jackass Penguins (Spheniscus
demersus). Auk 101:880–882
Reichardt E (1999) Zur Revision der Gattung Gomphonema. Die Arten um G.
affine/insigne, G. angustum/micropus, G. acuminatum sowie gomphonemoide
Diatomeen aus dem Oberoligozän in Böhmen. In: Lange-Bertalot H (ed)
Iconographia diatomologica, vol 8. A.R.G. Gantner Verlag K.G., Ruggell
Reiss H, Knauper S, Kröncke I (2003) Invertebrate associations with
gastropod shells inhabited by Pagurus bernhardus (Paguridae) secondary
hard substrate increasing biodiversity in North Sea soft-bottom communities.
Sarsia 88:404–414
Rimet F, Bouchez A (2012) Life-forms, cell-sizes and ecological guilds of
diatoms in European rivers. Knowl Manag Aquat Ecosyst 406:1–12
Robinson CA, Thom TJ, Lucas MC (2000) Ranging behaviour of a large
freshwater invertebrate, the white-clawed crayfish Austropotamobius
pallipes. Freshw Biol 44:509–521
Robinson NJ, Majewska R, Lazo-Wasem EA, Nel R, Paladino FV, Rojas L,
Zardus JD, Pinou T (2016) Epibiotic diatoms are universally present on all
sea turtle species. PLOS ONE. https://doi.org/10.1371/journal.pone.0157011
Romagnoli T, Bavestrello G, Cucchiari E, De Stefano M, Di Camillo C,
Pennesi C, Puce S, Totti C (2007) Microalgal communities epibiontic on the
marine hydroid Eudendrium racemosum in the Ligurian Sea, during an annual
cycle. Mar Biol 151:537–552
Round FE, Crawford RM, Mann DG (1990) The diatoms. Biology and
morphology of the genera. Cambridge University Press, Cambridge, p 760
Souty-Grosset C, Holdich DM, Noël Reynolds JD, Haffner P (2006) Atlas of
crayfish in Europe. Muséum National d’Histoire Naturelle, Paris
Souty-Grosset C, Anastácio PM, Aquiloni L, Banha F, Choquer J, Chucholl
C, Tricarico E (2016) The red swamp crayfish Procambarus clarkii in
Europe: Impacts on aquatic ecosystems and human well-being. Limonologica
58:78–93
Totti C, Romagnoli T, De Stefano M, Di Camillo CG, Bavastrello G (2011)
The diversity of epizoic diatoms. Relationships between diatoms and marine
invertebrates. In: Seckbach J, Dubinsky Z (eds) All flesh is grass. Cellular
origin, life in extreme habitats and astrobiology, vol 16. Spriger, The
Netherlands, pp 323–343
Tuchman NC (1996) The role of heterotrophy in algae. In: Stevenson RJ,
Bothwell M, Lowe RL (eds) Algal ecology. Academic Press, New York, pp
299–319
Vaeßen S, Hollert H (2015) Impacts of the North American signal crayfish
(Pacifastacus leniusculus) on European ecosystems. Environ Sci Eur 27:33–
39
Van Dam H, Mertens A, Sinkeldam J (1994) A coded checklist and ecological
indicator values of freshwater diatoms from the Netherlands. Neth J Aquat
Ecol 28:117–133
Wahl M (2009) Epibiosis. In: Wahl L (ed) Marine hard. Bottom
Communitiesl. Springer, Berlin, pp 61–72
Wahl M, Olaf M (1999) The predominantly facultative nature of epibiosis:
experimental and observational evidence. Mar Ecol Prog Ser 187:59–66
Wahl M, Goecke F, Labes A, Dobretsov S, Weinberger F (2012) The second
skin: ecological role of epibiotic biofilms on marine organisms. Front
Microbiol 3:292
Werum M, Lange-Bertalot H (2004) Diatoms in Springs from Central Europe
and elsewhere under the influence of hydrogeology and anthropogenic
impacts. In: Lange-Bertalot H (ed) Iconographia Diatomologica 13. Koeltz,
Koenigstein, p 417
Wetzel CE, Van de Vijver B, Cox EJ, Bicudo DDC, Ector L (2012) Tursiocola
podocnemicola sp. nov., a new epizoic freshwater diatom species from the
Rio Negro in the Brazilian Amazon Basin. Diatom Res 27:1–8
Winemiller K, Winsborough B (1990) Occurrence of Epizoic Communities on
the Parasitic Copepod Lernaea carassii (Lernaeidae). Southwest Nat 35:206–
210
Wujek DE (2006) The first occurrence of the chrysophyte alga Amphirhiza
epizootica from North America. Mich Bot 45:197–200
Wujek DE (2013) Epizooic diatoms on the cerci of Ephemeroptera (Caenidae)
naiads. Gt Lakes Entomol 46:116–119
